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INTRODUCTION 
Nondestructive testing (NDT) of new and aging aircraft structures is essential for 
flight safety. Inspection costs can be reduced by using an inspection technique with high 
sensitivity for small flaws. Of the many NDT methods being used in aircraft maintenance, 
eddy-current testing is well established, especially for layered structures. Nevertheless, 
some test tasks cannot be assured with conventional eddy current systems with sufficient 
sensitivity and dynamic range. Superconducting Quantum Interference Devices (SQUIDs) 
are the most sensitive magnetic field sensors known to date. With the discovery of High 
Temperature Superconductors (HTS) ten years ago and the subsequent development ofHTS 
SQUIDs requiring only cooling down to liquid nitrogen temperature, the greatest applica-
tion barrier appears solvable. SQUID systems offer a high sensitivity at low excitation fre-
quencies, permitting the detection of deeper flaws, and a high linearity, allowing quantita-
tive evaluation of magnetic field maps from the investigated structure [1-3]. The potential 
of eddy current testing with HTS SQUIDs has previously been demonstrated for up to 5 cm 
deep-lying defects in stacks of aluminum sheets using a stationary axial SQUID gradio-
meter [4]. Kreutzbruck et al. [5] performed a direct comparison between a SQUID magne-
tometer system and a conventional eddy current testing unit (Elotest B 1 of Rohmann 
GmbH), with a well defined saw cut in a plate of aircraft aluminum alloy hidden under a 
stack of flawless aluminum plates. They demonstrated an improvement in signal-to-noise 
ratio of approximately 150, when comparing the SQUID signature of the slot with the con-
ventional system. 
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For practical application, however, the SQUID systems have to be made mobile and 
capable to operate without any magnetic shielding in maintenance hangars where the level 
of electromagnetic disturbances is high [6,7]. A German research collaboration is introduc-
ing HTS SQUIDs into aircraft testing. The project consortium is led by the small company 
Rohmann GmbH, a manufacturer of standard eddy current equipment. The project partners 
are ILK Dresden, responsible for cryogenics, University of GieSen for signal analysis and 
SQUID experiments, DASA and Lufthansa for the application requirements oftoday's air-
craft testing. Three testing problems were chosen: aircraft wheel testing, fuselage testing 
(finding cracks and corrosion next to rivets), and localization of cracks emanating from 
bolted joints in thick-walled sections of aircraft. The goal of the project is the development 
of prototype SQUID systems for the demonstration of the advantages of the new technique. 
EXPERIMENTAL EQUIPMENT 
For the different testing applications, specialized SQUID systems were developed. 
The systems consist of a SQUID sensor arrangement with readout electronics, a cryogenic 
apparatus, an eddy current excitation, and a computerized control and data evaluation unit. 
Depending on the special inspection task, different kinds of moving units are used. 
SQUIDs and electronics: The problem with extremely sensitive magnetic field sen-
sors such as SQUIDs is that small fields have to be resolved in the presence of large ambi-
ent fields without exceeding the dynamic range (maximum field amplitude) and slew rate 
(maximum change offield in time). Gradiometric sensors (measuring only the spatial de-
rivative of the field) greatly facilitate the problem. In order to operate the SQUID sensor 
portable, integrated into a hand-held system during movement in strong ambient fields 
commonly found in aircraft maintenance facilities, a planar rf SQUID gradiometer was de-
veloped [8]. Fig. I a) shows the principle and the layout of the double hole gradiometer. In 
the case of a homogeneous magnetic field, the currents flowing around the SQUID loops 
cancel each other at the location of the junction. For an inhomogeneous field, however, the 
difference of shielding currents will provide a signal proportional to the field gradient. 
Fig. I b) demonstrates the performance: a gradiometer with a baseline on.7 mm and a gra-
dient-to-flux coefficient of 7 nT/( cm·<l>o) yielded a minimum flux noise of 7·1 0.5 <l>of..JHz, 
corresponding to a gradient sensitivity of 500 fT/(cm..JHz) for frequencies above 70 Hz. 
Due to the symmetric layout, the balance of the gradiometer is limited only by the resolu-
tion of photolithography. The common mode rejection was determined to be higher than 
1000, beyond the homogeneity of the Helmholtz field used. The rf gradiometers were oper-
ated with a newly developed fast readout electronics [9]. The high slew rate of more than 
2.106 <l>ofs allows fast scanning in strong gradient fields, e.g. from ferromagnetic objects. 
Q 
100 OJ 
a. 
Ci' 
a 
.. 
CD 
10 ;t j 
'6' 
::::! 
1 ~ 
71H"l- --..::::!:~ .... .&oI/,j_ .... -........j 0.5 ~ 
10 100 1~ 10k 
Frequency [Hz! 
Figure I a). Principle and layout, b) Flux noise and gradient sensitivity of the planar rf-
SQUID gradiometer, outside shielding. 
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Figure 2. (a) Schematic drawing of the Mobile Cryostat ILK 4 by ILK, Dresden. (b) SQUID 
integration scheme with a sapphire cold finger. (c) Photograph with flange removed to 
show the sapphire cold finger with SQUID. 
For comparison, directly coupled planar dc gradiometers with ramp junctions on 
lOx 10 mm2 LaAI03 substrates [10-12] were used, mounted on a copper cold finger. The 
gradiometers were operated with commercial (Cryoton®) dc-SQUID electronics with dc-
bias. However, these gradiometers exhibit a less fa~orable gradient sensitivity and balance. 
Cryostat: In order to test directly at the aircraft, the SQUID has to be equipped with 
mobile cooling. A lightweight nitrogen cryostat [11,13], constructed for operation in any 
orientation by ILK Dresden, allows portable SQUID operation (Fig. 2). The cryostat can be 
operated in any orientation without loss of liquid nitrogen because the filling tube reaches 
to the geometrical center of the container. It is filled only to one half with liquid nitrogen, 
which takes approximately 5 minutes. The parameters of the cryostat have been improved 
compared to the first prototype [6,l3]: The mobile head weighs 1.5 kg and has a hold time 
of 12 hours. Temperature stability is ±1 mK in a fixed orientation. When turning the cry-
ostat upside down, the temperature increases by 0.1 K. The SQUID is mounted on a 
sapphire cylinder located in the vacuum space but thermally coupled to the nitrogen con-
tainer. In comparison to former constructions with copper [6,7], the sapphire prevents eddy 
currents inside the cryostat, thus suppressing motion-related noise. 
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Figure 3. (a) Scheme and (b) layout ofmulti-D excitation coil. (c) coil arrangement with the 
planar gradiometer. 
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Eddy current excitation and lock-in detection: For eddy current excitation in con-
junction with a SQUID sensor, a differential coil (Fig. 3a) is advantageous because the di-
rect field at the SQUID sensor location can be minimized. Printed multi-turn double-D coils 
(Fig. 3 b) with a diameter of25 mm were used, which produce a differential field inside the 
specimen. The setup of the differential sensor with a differential excitation coil is sketched 
in Fig. 3 c). With the use of printed coils, the distance between the SQUID and the surface 
of the tested airplane part was reduced to approximately 8 mm. This distance currently lim-
its the spatial resolution of the system. A Stanford Research SR 830 digitallock-in-detector 
is used for generation of the excitation signal and lock-in-detection of the SQUID-signal. 
Scanning and data acquisition are computer controlled. 
Moving Unit: Depending on the specific task, different moving units are used for 
scanning the SQUID. For the testing of airplane fuselage, the cryostat is fixed to a profes-
sional fuselage surface scanner (Scanmaster®) which is attached to the airplane skin with 
suction cups. With integrated position sensors, the Scanmaster system collects in-phase and 
quadrature components of the lock-in detected SQUID signal, thus allowing to locate the 
detected faults. For the wheel inspection, the cryostat is moved by a industrial robot (MilSU-
bishi Movemaster®) along the outer contour of the airplane wheels. To use the system for 
different types of rims, the robot can be taught the different outlines. 
TESTING THE AIRPLANE FUSELAGE 
Due to temperature and moisture changes in conjunction with mechanical stress, 
cracks and corrosion frequently develop in the fuselage, often in hidden layers close to riv-
ets (Fig. 4 a). State of the art with conventional eddy current equipment is the detection of 
4.5 mm long second layer cracks underneath 2.2 mm of aluminum next to rivets. For the 
testing of the airplane fuselage, the Scanmaster is attached to the airplane at picky parts 
which have to be inspected for either corrosion or cracks. Then the cryostat is moved 
manually over the surface to locate the flaws on the inner surface of the fuselage (Fig. 4 b). 
To simulate corrosion, a circular region on the inside of the fuselage, with a diame-
ter of 17 mm, was exposed to Hel for several minutes after removing the varnish locally. 
The loss of material at this artificial corrosion was approximately 7.5% (0.3 mm within a 
4 mm wall). With an excitation current of 250 rnA at 144 Hz in the differential coil, the 
doubler 
cond 'ayer 
Figure 4 a). Sketch of Airbus fuselage sec-
tion with rivets, with typical crack positions. Figure 4 b). Fuselage scan with the SQUID. 
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Figure 5. Scan of Airbus A330/340 fuselage (71 x 46 mm2) section, with a corrosion pit in 
the second layer (17 mm dia., depth OJ mm in 4 mm material, marked by circle). 
damaged section was scanned with the mobile SQUID system. The result is shown in Fig. 5 
(in-phase component of the lock-in signal). The circular structure of the corrosion can be 
detected very well. Because a gradiometric sensor is used in combination with a differential 
excitation coil, the flaw yields a quadrupolar signature. Further data analysis which will be 
developed in near future will convert this into a more meaningful picture. 
Scanning over a rivet joint shows the same problem. The rivet and the rivet hole 
give a strong signal even if there is no additional fault like a crack (Fig. 6). Because of the 
poor spatial resolution which can be achieved with a 25 mm multi-D-coil and 8 mm dis-
tance between sensor and fuselage surface, the signals of two adjacent rivets are mixing. To 
find the signal of a crack, which normally runs radially from a rivet in the line of the rivet 
series, the spatial resolution has to be increased. Improvement is expected after optimizing 
the eddy current excitation scheme. 
A different concept for SQUID detection of radial cracks emanating from fastener 
holes was recently demonstrated [14]. With a stack of six differential coils - each coil ro-
tated against its neighbor by 30 degrees - a rotating differential excitation field is generated. 
Using a stationary axial SQUID gradiometer centered at a hole, and a rotating excitation 
field, flaws 10 mm long and 0.1 mm wide under a stack of aluminum sheets up to 12 mm 
thick were located and mapped using polar plots of eddy-current-generated signals. How-
ever, an axial gradiometer is not practical as a hand-held mobile sensor, since it cannot be 
rotated in the Earth's field. Therefore, the next step will consist of implementing a modified 
excitation procedure suitable for use in conjunction with planar gradiometers. 
Figure 6. Scan of a section of Airbus A330/340 fuselage (20SxSO rnm2), with a row of 
rivets. Mapped is the in-phase component of the lock-in signal at 144 Hz. 
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Figure 7 a). Sketch of an Airbus aircraft 
wheel, with typical crack positions. 
TESTING THE AIRPLANE WHEEL 
Figure 7 b). Automated aircraft wheel testing 
unit, with the SQUID mounted on a robot, 
during operation. 
Aircraft wheels are subject to enormous stress and heat during take-off and landing. 
The brake pulleys are fastened to the rim with ferromagnetic keys. Because of the concen-
tration of mechanical and thermal stress, hidden cracks emanate preferably next to the keys. 
Fig. 7a) indicates typical flaw locations on the inside of the wheel. The cracks are not vi-
sible from the inside of the wheels because they are covered by heat shields not sketched 
here. Today, the wheels are tested from the outside with a circumferential scan measure-
ment, after taking off the tires. Deep flaws are detected with a low frequency eddy current 
probe. However, the sensitivity is limited to large flaws: flaws with 40% wall penetration 
from the inside and of length twice the wall thickness can be identified. In order to safely 
detect small hidden flaws, the wheel has to be disassembled and be tested from the inside. 
The prototype SQUID system for wheel testing consists of an automated test stand 
with the wheel slowly rotating and a robot with the SQUID enclosure scanning stepwise 
along the wheel axis (Fig. 7 b). While the wheel is rotating, the robot moves the cryostat 
Figure 8. Map of the in-phase SQUID response of the outer wheel surface (x-axis: angle of 
rotation in degrees, y-axis: axial height in mm). The artificial flaws are clearly identifiable 
between the key signals (9 vertical stripes). 
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Figure 9. Two in-phase signal tracks, at different axial heights, recorded in one rotation of 
Airbus wheel (excitation current 200 rnA, 200 Hz) with artificial inner flaws. The flaws can 
clearly be distinguished from the key signals. The effect of a key removal is also shown. 
along its outer contour. Thus, a two-dimensional eddy current mapping of the outer wheel 
surface is performed. To simulate different sizes of cracks, the inner wheel surface was cut 
with a circular saw blade. The length of the cuts differs for the different wall penetration 
depths: One flaw penetrates about 25% of the wall thickness of 10 mm, with a length of 
10 mm, the 40% slot is 18 mm long, the 50% slot is 20 mm, and the 65% one is 24 mm. 
Fig. 8 depicts a surface map of the eddy current signal, measured with the SQUID. The 
bright vertical stripes mark the location of the keys. The scanned section contained three 
flaws (40%,50% and 65%) and a borehole. All of them can be identified and localized. 
Because of increasing wall thickness and contour curvature close to the wheel rim, the dis-
tance between sensor and 50% flaw is larger, leading to a significantly reduced signal. 
Fig. 9 shows two 3600 rotation traces (at different axial heights) of the SQUID gra-
diometer signal. The left trace is a scan across the 40% inner flaw, the right one shows the 
25% and the 65% slot. All three flaws are easily identifiable in the (in-phase) signal com-
ponent. The quadrature component gives similar results. For comparison, the 25% crack 
lies beyond the limit of detectability of to day's low frequency eddy current devices. The 
signal contains a periodicity equivalent to the rotation period, due to slight excentricity of 
the wheel. This weak liftoff effect can be easily filtered. The nine key peaks are partly due 
to direct eddy current contribution from the ferromagnetic keys, partly to the increasing 
wall thickness at the key location contribute, as shown by the removal of one key (Fig. 9 a). 
In a preliminary test measurement, aircraft wheel testing was successfully demon-
strated with a mobile dc-gradiometer SQUID system in the Lufthansa maintenance facility 
at Frankfurt airport, detecting flaws in aircraft wheels [12]. The SQUID method has still a 
considerable reserve in the signal-to-noise ratio, especially if gradiometers with longer 
baseline will be used. Furthermore, since the Nyquist diagram signatures of the ferromag-
netic keys are quite reproducible and uniform, their software subtraction can further im-
prove the resolution. In the near future, an improved wheel testing unit, with a SQUID 
cooled by a machine cryocooler, will be developed. A commercial Joule-Thomson cryo-
cooler (APD Cryotiger@) was successfully modified for Iiquid-nitrogen-free, low-noise 
SQUID cooling [7,11]. The cold head, to be mounted on and scanned with the robot, is 
connected to a compressor via long gas lines. For a routine aircraft maintenance application 
like wheel testing, SQUID cooling with a closed-cycle refrigerator only needing electricity 
is preferable. 
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CONCLUSIONS 
For selected aircraft NDE tasks, prototype SQUID systems were developed and 
tested in realistic environments, demonstrating the practical usability of mobile HTS 
SQUID in conjunction with the eddy current technique in nondestructive evaluation of 
highly safety relevant objects. The development of planar HTS gradiometers and orienta-
tion-independent cryogenics made possible the mobile use of SQUIDs in hostile environ-
ments such as airport hangars. With one load of liquid nitrogen, the system can be used for 
a whole working day without the need of refilling. Tested in the Lufthansa wheel inspection 
facility at Frankfurt airport, the SQUID gradiometer worked successfully under these real-
istic, electromagnetically noisy conditions. The prototypes successfully detected hidden 
corrosion in airplane fuselage and deep cracks in airplane wheel. In aircraft wheels, cracks 
smaller than today's limit of conventional eddy current devices, were detected with the 
SQUID system for automated aircraft wheel testing. Further development in the spatial 
resolution and data analysis will improve the performance. A SQUID system has been suc-
cessfully operated on a professional fuselage scanner and yielded first promising results. 
Future work will include the development oflonger baseline gradiometer and adapted exci-
tation. Only if the technology is improved together with the system development for spe-
cific applications, will SQUID systems eventually establish in the aircraft testing business. 
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